In this paper, it is demonstrated that pentulose 5-phosphate is converted to acetylphosphate and glyceraldehyde 3-phosphate by the same series of enzymatic reactions responsible for the dissimilation of ribose by lactobacilli belonging to the subgenus Streptobacterium (6, 8, 14) . The fermentation products of pentitol metabolism are identified, and an initial description of the regulatory mechanisms controlling the biosynthesis of the pentitol-utilizing enzymes is presented.
Certain strains of Lactobacillus casei are capable of growing at the expense of ribitol or xylitol by utilizing pathways unique to these microorganisms (9) . The pentitols are transported into the cell by a substrate-specific phosphoenolpyruvate (PEP)-phosphotransferase system that converts them to the corresponding pentitol phosphate. The latter are then oxidized to the corresponding pentulose phosphate by NAD-specific ribitol or xylitol phosphate dehydrogenases. Because the initial description of these pathways was limited to a characterization of the enzymes catalyzing the first two reactions of each pathway and a chromatographic identification of the intermediate products, a number of questions went unanswered. For example, the pathway by which pentulose 5-phosphate was subsequently catabolized was unknown, as were the fermentation products of the cumulative reactions. Also, there was little or no information describing the regulation of this new pathway.
In this paper, it is demonstrated that pentulose 5-phosphate is converted to acetylphosphate and glyceraldehyde 3-phosphate by the same series of enzymatic reactions responsible for the dissimilation of ribose by lactobacilli belonging to the subgenus Streptobacterium (6, 8, 14) . The fermentation products of pentitol metabolism are identified, and an initial description of the regulatory mechanisms controlling the biosynthesis of the pentitol-utilizing enzymes is presented.
MATERIALS AND METHODS Microorganisms and their cultivation. L. casei strain 64H (which grows on ribitol but not xylitol) and strain C183 (which grows on xylitol but not ribitol) were maintained in Lactobacillus carrying medium (15) supplemented with 25 mM ribitol or xylitol, respectively. Cultures were transferred weekly and were stored at 40C until needed. Lactobacillus carrying medium was used in all experiments reported here.
The induction and rate of synthesis of xylitol phosphate dehydrogenase and ribitol phosphate dehydrogenase during growth at the expense of ribitol or xylitol were measured in the following manner. Twoliter Erlenmeyer flasks containing 1,200 ml of Lactobacillus carrying medium supplemented with the appropriate pentitol (25 mM) were fitted with a gassing and sampling device and were inoculated with a volume of a 14-h culture sufficient to give an initial optical density of 0.1 to 0.2 measured at 600 nm with a Gilford model 2400-S spectrophotometer. Cultures were made anaerobic by passing a stream of 02-free N2 containing 5% C02 through the medium, and the culture was incubated in a 370C water bath. Periodically, 50-rnl samples of culture were removed aseptically and, after the optical density and pH of the sample were determined, were centrifuged at 28,000 x g for 15 min. The supernatant fluid was saved for determination of substrate disappearance and product formation, while the pellet was washed twice with 25 ml of 0.01 M potassium phosphate buffer (pH 6.5) and suspended in 5 ml of the same buffer containing 5 mM 2-mercaptoethanol. The cell suspension was disrupted by ultrasonic oscillation with a Branson model 350 sonifier operating at 170 W of power for 5 min and subsequently centrifuged at 28,000 x g for 30 min. Cell extracts were assayed for xylitol phosphate and ribitol phosphate dehydrogenase activity. The same growth system was used to measure the kinetics of glucose repression; in these experiments, glucose at a concentration of 2.5 to 25 mM was added to cultures growing at the expense of ribitol or xylitol at a point in the early exponential phase of growth.
To determine the end products of aerobic pentitol metabolism, several drops of sterile Corning Antifoam 950 LONDON AND CHACE ase activity, xylitol phosphate dehydrogenase activity, and ribitol phosphate dehydrogenase activity have been described previously (9) . Ribokinase activity was measured spectrophotometrically by the procedure of Mortlock and Wood (12) by using ribose instead of ribulose as substrate. Phosphoketolase activity was measured by both spectrophotometric (4) and colorimetric (18) assays. The presence of ribulose 5-phosphate 3'-epimerase (Ru5P-3'-epimerase) was determined by the spectrophotometric assay for phosphoketolase, substituting Ru5P for xylulose 5-phosphate (Xu5P).
Substrate and product analyses. The concentration of glucose in culture fluids was determined by the glucostat method (Worthington Biochemicals Corp., Freehold, N.J.). Acetate and ethanol levels were determined by vapor-phase chromatography by the method of Rogosa and Love (17) . D-and L-lactate concentrations were determined spectrophotometrically by using commercially available D-and L-lactate dehydrogenases (Boehringer Mannheim Corp., New York, N.Y.) in reaction mixtures containing glycinehydrazine buffer, pH 9.0 (0.15 mM glycine, 0.12 mM hydrazine hydrate), 2 mM NAD, and 16 U of D-or Llactate dehydrogenase in a final volume of 3 ml. Acetoin and diacetyl were determined colorimetrically by the method of Neish (13) . Protein was determined by the biuret method (5).
RESULTS
Fermentations balance. Strains of L. cacsei growing at the expense of ribitol or xylitol carry out a heterofermentation ( Table 1 ) similar to that reported for Lactobacillus plantarum growing on ribose (6). The major products of ribitol and xylitol fermentation were lactate, acetate, and ethanol; the relative concentrations of the latter two products depended on the gas phase above the culture. Under anaerobic conditions, ethanol represented over half ofthe total two-carbon product, whereas in air it comprised 12% or less. The unexpected result to emerge from these studies was the observation that growth at the expense of pentitols resulted in the production of significant amounts of D-lactic acid. In one instance, strain C183 growing aerobically in xylitol-supplemented medium, D-lactate accounted for 28% of the lactate formed (Table 1) .
Convergence of pentitol and pentose pathways. The heterofermentative nature of pentitol dissimilation suggested that the pathways ofribitol and xylitol metabolism eventually join that of ribose metabolism. Since the complement of enzymes necessary to convert ribitol and xylitol to Ru5P and Xu5P, respectively, had already been demonstrated in the two strains of L. casei used in this study (9) , only the demonstration of one or two additional enzyme activities was necessary to account for the conversion of pentitol to triose phosphate and acetyl phosphate. Conversion of Ru5P to the phosphorylated two-and three-carbon intermediate products required the action of the enzymes Ru5P-3'-epimerase and phosphoketolase; a similar conversion of Xu5P can be achieved by phosphoketolase alone (6) . The levels of these two enzymes were estimated in L. casei 64H and C183 grown on glucose, ribose, or the appropriate pentitol. Growth on pentitol or ribose resulted in a fivefold increase in the specific activity of Ru5P-3'-epimerase and a 10-fold increase or greater in levels ofphosphoketolase as compared to glucose-grown cultures ( Table 2 ). The specific activities of phosphoketolase ( (Fig. 1) , suggesting that each of the structural genes is Inhibition of metabolism by glucose. In marked contrast to phosphotransferase systems studied in other bacteria (7, 11, 20) , glucose does not inhibit the ribitol and xylitol phosphotransferase systems (9) . The failure of glucose to compete with and inhibit the conversion of ribitol and xylitol to their corresponding phosphate esters by the pentitol phosphotransferase systems raised questions regarding the manner in which the dissimilation of pentitols was regulated. To determine whether glucose exhibited an inhibitory effect on pentitol metabolism, varying concentrations of the hexose were added to cultures of L. casei C183 during the exponential phase of growth in medium containing xylitol. At all three concentrations of glucose tested, 2.5 mM, 7.5 mM, and 25 mM, a transient repression of xylitol phosphate dehydrogenase (Fig. 2) and ribitol phosphate dehydrogenase (not shown) synthesis occurred immediately after the addition of glucose. In fact, some destruction or inactivation of the dehydrogenase may have occurred at the two lower concentrations used. However, the inhibition of enzyme synthesis was relieved shortly after glycolysis was initiated, as measured by the disappearance of glucose from the medium. Once a constant and rapid rate of glycolysis was established, the rate of xylitol phosphate dehydrogenase synthesis quickly returned to that observed in the fully induced state. This was not the case with the pentitol phosphotransferase system; glucose or an intermediate product of glycolysis inhibited further synthesis of the transport system (Table 4 ). The dilution of pentitol phosphotransferase activity occurred at a rate that was roughly inversely proportional to the increase in cell mass. on July 6, 2017 by guest http://jb.asm.org/ Although the initial steps of pentitol metabolism do not appear to be stringently regulated by some glycolytic intermediate, a tighter control system does seem to be operative at some later stage of pentitol utilization. The flow of carbon from xylitol to ethanol is impeded by the addition of glucose (Fig. 3) . Further, the inhibition of ethanol production becomes more severe as the concentration of glucose in the medium is increased. At this time, it is not known whether the very low rate of ethanol production observed when 25 mM glucose was added to cells fermenting pentitol represents a diversion of carbon from glucose or a continued but drastically decreased rate of pentitol catabolism. 
DISCUSSION
In many respects, the fermentation of pentitols by L. casei is analogous to the fermentation of hexitols by other lactic acid bacteria. The initial steps of both pathways catalyze a phosphorylation of the substrate as it is transported into the cell, followed by an oxidation of the resultant polyol phosphate (2, 10). Excess reducing equivalents derived from the anaerobic catabolism of pentitols and hexitols results in a heterolactic fermentation with the appearance of ethanol as an end product (2) . In addition to the heterolactic nature of the fermentation, the catabolism of ribitol and xylitol differ markedly from classical glycolysis in that significant amounts of the D-stereoisomer of lactic acid are formed. The configuration of the stereoisomer of lactate formed as a result of hexitol fermentation has not been determined yet. Although the species L. casei has traditionally been differentiated from certain other lactobacilli by the exclusive production of L-lactic acid from fermentable carbohydrates (15, 16) , Stetter and Kandler (19) observed that strains of L. casei do, in fact, produce small amounts of D-lactate (less than 5%) during the terminal stage of enzyme is activated by this glycolytic intermediate product (1, 21) . During growth on most hexoses, the formation and accumulation offructose diphosphate as an intermediate product is thought to maintain the L-lactate dehydrogenase in a catalytically active state (1, 3) . Since fructose diphosphate would not be an internediate product of pentitol metabolism via the sequence of enzymatic steps described earlier (Fig. 4) , the intracellular fructose diphosphate pool levels are probably comparatively low, and the L-lactate dehydrogenase may be no longer able to function efficiently. Under such conditions, the induction of aD-lactate dehydrogenase to compensate for the decreased activity of the L-lactate dehydrogenase can readily be envisaged. However, it is not yet clear why the organism must resort to synthesizing another lactate dehydrogenase instead of decarboxylating the pyruvate and reducing or oxidizing the resultant two-carbon moiety to produce ethanol or acetate, respectively. The presence of high levels of Ru5P-3'-epimerase and phosphoketolase in extracts of pentitol-grown cells (Table 2) suggests that the ribitol and xylitol pathways join the ribose pathway at the level of pentulose phosphate. The interrelationships of the three catabolic pathways are summarized in Fig. 4 . Whereas the respective pathways merge with the production of Ru5P or Xu5P, the role of inducer of pentitol phosphate dehydrogenase, xylitol:PEP phosphotransferase, or ribophosphate isomerase cannot yet be assigned to either of the shared intermediate products. The reason for this uncertainty stems from the likelihood that cells grown on ribose probably possess low levels of the readily reversible pentitol phosphate dehydrogenases, and the accumulation of normal pool levels of Ru5P and Xu5P would also result in the appearance of ribitol and xylitol phosphate, respectively. Production of the latter could be responsible for the induction of xylitol phosphate dehydrogenase, ribitol phosphate dehy- Table 3 ). The addition of glucose to a culture of L. casei C183 growing at the expense of xylitol produced a transient repression of pentitol phosphate dehydrogenase biosynthesis which was relieved shortly after the cells began to metabolize the added hexose. These observations suggest that glucose or an early intermediate product of glycolysis temporarily accumulated in the cells and either repressed dehydrogenase production or inactivated preexisting enzyme. In contrast, synthesis of the xylitol phosphotransferase activity was inhibited as long as glucose was present in the medium, and the extant levels of the transport system decreased at a rate proportional to cell increase during subsequent growth at the expense of glucose. However, the transport system apparently remained functional since the cells maintained a concentration of inducer sufficient to sustain fully induced levels of pentitol phosphate dehydrogenase. These results support earlier studies in which it was found that glucose did not inhibit the activity of xylitol phosphotransferase activity in cell-free extracts (9) .
If, in the presence of glucose, L. casei appears unable to affect a rigorous control of carbon flow during the initial steps of pentitol metabolism by the conventional methods of catabolite repression or catabolite inhibition, the organism offsets this apparent deficiency with a more stringent regulatory system operating at some later enzymatic step. The effectiveness of this latter system is reflected in the decreased production of ethanol following addition of glucose. It will be of interest to locate precisely where in the pathway the inhibiting effect of glucose is exerted.
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